Shi L, Goenezen S, Haller S, Hinds MT, Thornburg KL, Rugonyi S. Alterations in pulse wave propagation reflect the degree of outflow tract banding in HH18 chicken embryos.
cardiovascular development; pulse wave propagation; micropressure measurement; electrocardiography; optical coherence tomography; Hamburger-Hamilton THE HEART provides circulatory support to the embryo even during cardiovascular morphogenesis. Dynamic forces in the developing cardiac walls, generated by cardiac contraction and relaxation and the interaction between heart tissue and blood flow, have strong influence in the processes of growth, remodeling, and morphogenesis of the heart (7, 21, (32) (33) (34) . At early stages of vertebrate embryonic development, the heart first forms as a straight tube that then loops and twists. The heart outflow tract (OFT) connects the ventricle with the aortic sac (AOS), which leads distally to the aortic arches and then the dorsal aorta (DA) (see Fig. 1A ). Previous studies have provided strong evidence that hemodynamic conditions play a critical role in the regulation of embryonic cardiovascular development and that disturbed flows give rise to cardiac defects, including interventricular septum defects and semilunar valve defects that originate from the early OFT (9, 11, 12, 14, 15, 18, 22, 24) .
The chicken embryo-which is easy to access, manipulate, and image-has often been used as a model to study heart development (3, 4, 6, 14, 29, 35) . Surgical interventions made to alter blood flow conditions in the embryonic chick cardiovascular circulation have been extensively shown to result in cardiac malformations, which resemble those of human patients with congenital heart disease (7, 12, 14, 29, 31, 35) .
The periodic beating of the developing heart generates pulsatile blood flow. Pressure waves originating in the heart travel through the entire chick cardiovascular system. Wave amplitude, pulse transit time (PTT), and pulse wave velocity (PWV) are frequently used, even clinically, to quantify propagating waves and the impedance characteristics of the circulatory system. Since the embryonic heart and circulation (the vitelline circulation) form a closed system, pressure wave propagation in the vitelline circulation is coupled to pressure pulse generation in the heart. Therefore, an acute change of blood flow in the embryonic heart also affects vitelline pressure wave propagation, particularly in the arterial circulation. PTT and PWV can thus be used to determine the effects of hemodynamic interventions on the cardiovascular circulation.
Quantification of PTT and PWV, however, requires simultaneous measurements of pressure or flow at different locations in the cardiovascular system (e.g. 17, 25, 38) or synchronization of measurements with a cardiac signal, such as ECG signals. PTT and PWV can also be quantified from imaging data, since blood pressure waves affect cardiac and arterial wall motion. Optical coherence tomography (OCT), in particular, is a powerful imaging technique that offers high-resolution, and noninvasive imaging up to a depth of 2 mm in biological tissues (10, 37) . OCT is ideal for studying early heart development in chicken embryos because its resolution allows the visualization of heart microstructures at image acquisition rates fast enough to capture the beating motion of the heart (26, 28) .
In this study, we demonstrate the feasibility of using simultaneous ECG and blood pressure measurements, as well as simultaneous ECG and OCT imaging, to quantify pulse wave propagation in the chicken embryonic heart and vitelline circulation. The study also analyzes changes in wave propagation due to an acute change of blood flow in the heart introduced by cardiac outflow tract banding (OTB) at Hamburger-Hamilton (HH) stage 18 (13) . In OTB, a suture is tightened around the heart OFT, restricting the motion of the OFT wall and produc-ing increased afterload (see Fig. 1B ). It is well established that OTB increases ventricular blood pressure and blood flow velocities through the constriction and that OTB leads to cardiac malformations (7, 8, 29, 36, 38) . Our data indicate that the degree of banding determines hemodynamic conditions in the chick embryonic circulation.
METHODS

Embryonic Preparation and Hemodynamic Intervention
Fertilized White Leghorn chicken eggs were incubated at 38°C to HH18 (ϳ3 days) (13) . For physiological measurements, each egg was placed in a custom-made, pad-heating system for manipulation. The egg shell was opened at the air sac end, and a small section of the shell membrane was carefully removed.
Chicken embryos were divided into three groups: 1) the normal (NL) group, in which no interventions were performed; 2) the OTF banding (OTB) group, in which the embryo heart was banded at HH18 by passing a 10-0 nylon suture under the midsection of the OFT and tying the suture in a knot to constrict the OFT cross-sectional area (see Fig. 1B) ; and 3) the control (CON) sham-operated group, in which the suture was passed around the OFT at HH18 but not tightened. After interventions (OTB and CON groups), eggs were placed back into the incubator and extracted ϳ2 h later for measurements.
In OTB embryos, band tightness was measured by imaging the OFT longitudinally before and after banding using OCT (see Fig. 1C ). Band tightness was defined as follows:
where Da and Db are the maximum external diameters of the OFT at the place where the band was located after and before banding, respectively.
Experimental System Setup ECG system. Cardiac electrical signals that induce heart contraction propagate through the chick embryo body and extraembryonic fluid. These signals, which are referred to as the ECG, can be measured in the egg at early stages of development (2) . In this study, we collected ECG data by inserting three monopolar needle electrodes, which were connected to a differential bioamplifier (FE-136 Animal Bio Amp, AD Instruments, Colorado Springs, CO) and sampled at a rate of 1,000 Hz. The amplified signal was then filtered at cutoff frequencies of 10 Hz to eliminate baseline drift. The needle electrode position was optimized to achieve strong ECG signals, with the reference electrode placed in the extraembryonic fluid, the positive (ϩ) electrode close to the heart, and the negative (Ϫ) electrode in the embryo tail. Typically, ECG signals have three peaks: P, R, and T. The R peak of the ECG corresponds to ventricular depolarization and is the strongest peak within the ECG signal. Here, we used the R peak as a reference to synchronize measured data (pressure, flow, and images) acquired simultaneously with ECG data.
Doppler flow system. To determine the sensitivity of electrode positioning on ECG signals and optimize ECG electrode positioning, we conducted simultaneous ECG and blood flow measurements in the DA. Blood flow data were acquired using a noninvasive laser-Doppler flow monitor (Moor) with a 40-Hz maximum sampling rate. ECG and Doppler blood flow data acquisition were simultaneously triggered by a PowerLab Analog-to-Digital (A/D) Converter (ML750, AD Instru- A: microscopic image of a normal chicken embryo showing its heart and part of its circulation. VEN, ventricle; OFT, outflow tract; AOS, aortic sac; DA, dorsal aorta. Scale bar ϭ 1 mm. B: OTF banding (OTB) in a HH18 heart showing the suture around the heart OFT. Scale bar ϭ 1 mm. C: longitudinal tomographic section of the chick heart OFT after OTB at HH18 imaged with optical coherence tomography (OCT). Scale bar ϭ 250 m. ments). ECG-flow measurements were also used to assess the effect of temperature changes on phase measurements. Both ECG and Doppler flow signals were digitized with the PowerLab A/D Converter and recorded for further processing.
Servo-null pressure system. Blood pressure was measured by a servo-null pressure system (model 5A-LN, Instrumentation for Physiology and Medicine, San Diego, CA) using standard procedures (3, 17, 19) . Simultaneous ECG and blood pressure signals (see Fig. 2A ) were digitized at a sampling rate of 1,000 Hz with the PowerLab A/D Converter (ML750, AD Instruments) and recorded for further processing.
OCT system. Our custom-made OCT system consisted of a 1,325-nm source centered at 100 nm from Thorlabs (Newton, NJ) and a 1,024-pixel infrared InGaAs line-scan camera with a maximal line scan rate of 92 kHz from Goodrich (Charlotte, NC). This system can acquire image sequences (512 ϫ 512 pixels, 512 A-scans) at ϳ140 frames/s with a resolution of Ͻ10 m. We have previously used a similar OCT system to image the chicken embryo heart (23, 26, 28) . In this study, we integrated ECG data with OCT imaging. The configuration of the ECG-OCT system is shown in Fig. 2B .
Experimental Procedure and Data Analysis
Simultaneous ECG-flow measurements. Blood flow data were obtained by placing the laser-Doppler flow probe near the proximal DA (see Fig. 1A ) while simultaneously acquiring ECG data. To analyze variations in the phase of the R peak (relative to the cardiac cycle) due to electrode position, ECG needle electrodes were moved while the laser-Doppler flow probe remained in one location. We selected five combinations of electrode positions to test. The reference ECG electrode was always placed in the extraembryonic fluid. The positive electrode was placed either close to the heart in the embryo body (at two different depths) or a bit farther from the heart (closer to the eye). The negative electrode was inserted either in the embryo tail or in the extraembryonic fluid (away from the heart). For each embryo (n ϭ 4), data were acquired for each of the five electrode positions, and care was taken not to move the embryo or flow system during measurements to facilitate data comparisons. From simultaneous ECG-flow measurements, we calculated the time lag (⌽) for flow to peak after cardiac depolarization marked by the R peak in the ECG data. We then compared ⌽ values obtained when electrode positions were changed.
We further investigated whether the phase of the ECG is affected by small temperature variations, which also affect the period of the cardiac cycle. To this end, for each embryo (n ϭ 4), we measured ⌽ (as described above) as the embryo temperature was varied.
We simultaneously collected at least five cardiac cycles of flow and ECG data from each embryo and each measurement (at each ECG electrode configuration). For each data set, we calculated the average ⌽ from five cardiac cycles. Only NL embryos were considered for simultaneous ECG-flow data acquisition.
Simultaneous ECG-pressure measurements. Embryos from each group (NL, CON, and OTB) were placed on an XYZ translational stage. A micromanipulator was used to insert the servo-null pressure pipette into the heart or vasculature (ventricle, AOS, and DA) with the aid of the OCT system. After the pressure pipette had been placed, needle electrodes were inserted to acquire ECG signals.
Simultaneously acquired ECG and pressure data were recorded for at least five consecutive cardiac cycles for each embryo in each group (n Ն 8). Pressure and ECG data were processed using a custom Matlab program to quantify, from each data set, average pressure, pressure pulse amplitude (⌬P; the difference between systolic and diastolic pressure), average period of the cardiac cycle (T), and average ⌽ for blood pressure to peak after cardiac depolarization marked by the R peak in the ECG data (see Fig. 3 ). Because the pressure pulse originates in the ventricle, travels through the OFT to the AOS, and then moves through the aortic arches to the DA, we expected peak pressures in the ventricle, AOS, and DA to occur in sequence. Thus, in our data, we added a delay of one cardiac cycle to the ⌽ between the ECG R peak and DA pressure peak (see Fig. 3 ) to avoid a negative, unrealistic PTT between the AOS and DA or between the ventricle and DA.
Based on ECG-pressure data, we calculated PTT as the time it takes for the peak pressure to travel between two sites in the cardiovascular system. To this end, we used the computed ⌽s from ventricular, AOS, and DA data (⌽ V, ⌽AOS and ⌽DA, respectively) as follows (see also 
where PTTV-AOS, PTTV-DA, and PTTAOS-DA are PTTs between the ventricle and AOS (V-AOS), ventricle and DA (V-DA), and AOS and DA (AOS-DA), respectively. For additional comparisons, we normalized ⌽ and PTT to T. To synchronize pressure data from different locations in the cardiovascular system (ventricle, AOS, and DA) and different embryos, we first normalized time to T and then aligned the pressure data to the R peaks of the ECG data.
Simultaneous ECG-OCT measurements. Simultaneous ECG-OCT data were also collected from the three groups (NL, CON, and OTB, n Ն 8). To investigate pulse wave propagation from OFT wall motion, we obtained OCT images of a longitudinal section of the OFT while collecting synchronized ECG data from the embryos. We acquired a total of 300 frames, at 280 frames/s (256 A-scans/frame), which corresponded to ϳ2.5 cardiac cycles. Simultaneous ECG-OCT measurements enabled the synchronization of pressure data and OFT cardiac wall motion.
To analyze the OCT imaging data, we selected a line close to the OFT inlet and another line close to the OFT outlet (the distance between these two lines was ϳ600 m; see Fig. 4A ). We then generated M-mode images, which show grayscale intensity data along the line in the vertical directions versus time in the horizontal direction (see Fig. 4, B and C) . From the M-mode images, we could visualize and trace the motion of the OFT upper wall. Note that, due to insertion of ECG electrodes into the embryo, the embryo descended slightly into the extraembryonic fluid, and, because of OCT imaging depth limitations, we could no longer visualize the lower myocardium wall. By analyzing the M-mode images, however, we found the time difference between maximal wall contraction in the OFT inlet and outlet. This time difference is the OFT PTT measured using wall motion (PTT MI-MO). We then compared PTTMI-MO obtained from OCT with the corresponding PTTV-AOS obtained from pressure data.
Statistics. Statistical analysis was performed on all data. Results are expressed as means Ϯ SD. Statistical significance was determined by Student's t-test with statistically significant differences defined as P values of Ͻ0.05.
RESULTS
ECG-Flow Measurements
To study the effect of ECG needle electrode placement on ECG signals, ECG and DA blood flow data were simultaneously collected from normal HH18 chicken embryos (n ϭ 4).
Changing the position of the ECG electrodes minimally affected ⌽: variations were Ͻ25 ms (Ͻ7% of the cardiac cycle), which is within the flow data uncertainty range. This result demonstrates the robustness of the embryonic ECG data to synchronize signals. Stronger ECG signals were obtained when the negative electrode was placed in the embryo tail and the positive electrode was close to the heart. Thus, for the remaining measurements, we used this electrode configuration, making sure that electrode position did not interfere with pressure and OCT data acquisition.
The robustness of using ECG signals to synchronize cardiac data when cardiac cycle changed due to temperature variations was also determined. Even large changes in cardiac cycle (from 300 to 600 ms, n ϭ 4) did not result in variations of ⌽ Values are means Ϯ SD. Data are shown for the following three groups of embryos considered: 1) normal (NL) embryos, 2) outflow tract (OFT)-banded (OTB) embryos, and 3) control (CON) embryos. Subscripts V, AOS, and DA correspond to measurements performed in the ventricle, aortic sac, and dorsal aorta, respectively. HH18, Hamburger-Hamilton stage 18; T, period of the cardiac cyle; ⌬P, amplitude of the pulse pressure wave; P, diastolic pressure (minimum pressure); maximum dP/dt, maximum rate of pressure change; ⌽, time lag for blood pressure to peak after cardiac depolarization marked by the R peak of the ECG signal; , normalized ⌽ ( ϭ ⌽/T). Note that ⌽DA and DA reported here include a delay of one cardiac cycle.
(differences were Ͻ25 ms, within the flow data uncertainty range).
ECG-Pressure Measurements
At least 8 embryos/group (NL, CON, and OTB) were used to acquire simultaneous ECG-pressure data. During measurements, T was kept close to 400 ms, with variations of Ͻ40 ms (ϳ10% of the cardiac cycle; Table 1 ). Results from the acquired data are shown in Table 1 .
Note that for analysis, we considered OTB embryos with a band tightness ranging from 35% to 50% (n ϭ 8; see Table 1 ), mainly because below 35% tightness there was no significant change in blood pressure or ⌽ and above 50% tightness embryo survival was severely compromised. However, we added results from additional embryos with band tightness of 10 -20% (n ϭ 2) in some plots to show trends (see Figs. 5 and 6 ).
Blood pressure and ⌽ significantly increased in the OTB group when band tightness was 35-50% (see Table 1 ), in agreement with a previous study (7) . Pressures in CON and NL groups were not significantly different. Compared with NL and CON embryos, OTB diastolic blood pressure (minimum pres-sure) almost doubled both in the ventricle and AOS and increased ϳ60% in the DA. Together with an increase in diastolic pressure, pressure amplitude (⌬P) increased ϳ60% in the ventricle and ϳ30% in both the AOS and DA. Moreover, diastolic pressure and ⌬P were dependent on OTB band tightness (see Fig. 5 ). ECG-pressure ⌽ values were similar between NL and CON groups (P ϭ 0.62), whereas ⌽ values in the OTB group were larger and depended on band tightness (see Fig. 6 ). Analysis of pressure data revealed that the shape of the blood pressure curves was generally consistent within each group (see Fig. 7 ). As expected due to variations in band tightness, however, the SD of the curves in the OTB group (band tightness: 35-50%) was higher than deviations in the NL and CON groups.
Rates of pressure change were also consistent within each group (see Fig. 7 ), with no significant differences found between NL and CON groups. Interestingly, there was no difference when we compared the rates of pressure change between NL and OTB groups in the ventricle and AOS. However, in the DA, there was a plateau-like phase in the rate of pressure change before systole in NL and CON embryos (see Fig. 7F ), but this plateau disappeared after OTB.
Whereas ⌬P significantly increased after OTB (see Fig. 5 and Table 1 ), the maximum rate of change in blood pressure was not significantly different in the ventricle and AOS (difference: Ͻ10%; see Fig. 7, B and D) . However, in the DA (Fig.  7, E and F) , the maximum rate of pressure change increased ϳ40% after OTB (P Ͻ 0.001).
Using ECG-pressure data, PTT V-AOS , PTT V-DA , and PTT AOS-DA were calculated based on Eqs. 2-4 (see Fig. 8 and Table 1 ). Differences between the NL and CON groups were not significant (P ϭ 0.06 for PTT V-AOS and PTT V-DA and P ϭ 0.71 for PTT AOS-DA ). However, PTT V-AOS significantly decreased, whereas PTT AOS-DA increased, in the OTB group (P Ͻ 0.01, 35-50% band tightness). PTT V-DA showed no significant differences among OTB, NL, or CON embryos.
ECG-OCT Measurements
PTT was estimated based on ⌽ values between inlet and outlet OFT wall motion imaged with OCT (PTT MI-MO ). The Table  1 ), 2 embryos with band tightness from 10% to 30%, and averages and SDs from 8 control embryos (0% band tightness). 5 ; thus, the data correspond to blood pressure in the ventricle, AOS, and DA of HH18 chick embryos after 2 h of banding. results are shown in Table 2 . Normalized PTT MI-MO (see Fig. 9 ) changed significantly after OTB (P Ͻ 0.01), which is consistent with PTT V-AOS data obtained from ECG-pressure acquisitions, even though PTT MI-MO was slightly larger than PTT V-AOS .
Similar to results obtained from the ECG-pressure data, ⌽ values between ECG and wall motion (maximal contraction) increased after OTB. To further analyze the data, wall motion and blood pressure curves were normalized to the cardiac cycle, and wall motion and blood pressure data were synchronized using ECG signals. Average data over time are shown for the group (n ϭ 8/group) in Fig. 10 . Both the ventricular pressure peak and AOS pressure peak occurred during local myocardium wall contraction for all groups (NL, OTB, and CON).
DISCUSSION
Despite the importance of understanding the impact of blood flow conditions on the cardiovascular system during embryonic development, the relationship between flow in the heart and flow in the vitelline circulation is not well understood. This is in part due to limited methods to accurately quantify and synchronize hemodynamic data (pressure and flow) from different locations in the embryonic cardiovascular system. To overcome these limitations, in this study, we used ECG signals as a means of synchronizing data acquired at different sites (heart ventricle, AOS, and DA) and from different measurement systems (OCT and the servo-null pressure system).
OFT wall motion constriction in banded embryos alters pressure wave propagation. Banding is a procedure frequently used to alter hemodynamic conditions in chicken embryos, and it is known to lead to cardiac malformations (29) . The exact mechanisms by which banding alters cardiac development is yet to be determined, but it is widely accepted that hemodynamic changes due to banding (increased blood pressure and increased wall shear stresses) trigger mechanotransduction mechanisms by which the heart adjusts to the new "banded" conditions. While previous studies have addressed changes in hemodynamic conditions over developmental stages (e.g., 5, 6, 16, 17, 19) and due to banding (e.g. 7, 8, 29) , we present here, for the first time, the impact of OTB on the heart and circulation (⌽, PTT, and blood pressure data) and how changes depend on the degree of band tightness. This study provides data on the immediate changes (within 2 h) that occur after banding the embryonic chick heart at HH18. Presumably, these changes represent only a mechanical and perhaps fast biochemical adjustment to banding, as the heart and vitelline circulation tissues have not had enough time to remodel. We found that banding increases blood pressure in the chick circulation (ventricle, AOS, and DA) and delays peak ventricular pressure after cardiac depolarization (and thus increases ⌽ V ) and that these changes strongly depend on the degree of band tightness. Moreover, after OTB, PTT V-AOS decreases, but, surprisingly, PTT V-DA is preserved.
Validation of ECG Data Acquisition
ECG signals can be reliably used to synchronize blood pressure and cardiac wall motion to the cardiac cycle in chicken embryos. To determine the robustness of ECG data from early chick embryos, we used a Doppler flow laser system, which provided a reliable, easy-to-analyze signal that could be acquired simultaneously with ECG. Because measurements were noninvasive, flow data were more reliable than pressure data, and continuous measurements of flow from the DA while changing the position of ECG electrodes were feasible. The results indicated that the chick embryonic ECG could be reliably used as a signal to synchronize cardiovascular events.
The effect of changes in temperature, and thus cardiac cycle T, on ECG signals was also investigated. Surprisingly, ⌽ between the ECG R peak and the peak of the flow signal was not significantly altered even with large (ϳ50%) changes in T. Values are means Ϯ SD. Data are shown for the following three groups of embryos considered: 1) NL, 2) OTB, and 3) CON. ⌽, time lag for maximal OFT wall contraction after cardiac depolarization marked by the R peak of the ECG signal; MI, inlet OFT myocardial wall; MO, outlet OFT myocardial wall; PTTMI-MO, pulse transit time between the OFT inlet and outlet myocardial wall motion. These data suggest that, upon cardiac depolarization, the speed of pulsatile waves do not vary with temperature. Rather, temperature affects the timing between contraction events. Thus, normalization of temporal data to T may be problematic. In the analysis presented here, T was tightly controlled (fluctuations were Ͻ10%; see Table 1 ) to avoid ambiguities in phase shift comparisons.
Pulse Wave Propagation in the HH18 Chick Circulation
Periodic wall contraction of the embryonic ventricle generates a pulsatile pressure wave that travels through the chick circulatory system. Previous studies (19, 31) have demonstrated that, even though the HH18 chick tubular heart has no valves or chambers, ventricular pressure-volume loops are remarkably similar to those of the mature system (but with much smaller pressure and volume values). These data show that the primitive heart is an efficient pump. The relationship between pumping mechanics and the mechanics of the resulting traveling wave in the vitelline circulation, however, had not been extensively studied. After ventricular depolarization (R peak of the ECG signal), maximum systolic pressure in the ventricle was achieved with a delay of ϳ30% of the cardiac cycle. Pressure waves originating in the ventricle quickly propagated through the OFT (propagation took ϳ12% of the cardiac cycle) and then through the aortic arches and DA (propagation was ϳ80% of the cardiac cycle). Since pressure in the DA was measured at the level of the heart (see Fig. 1A ), the pressure wave traveled a relatively long distance from the AOS to the site where DA pressure was measured (at least 5 mm from the AOS to DA vs. ϳ600 m from the ventricle to AOS). When accounting for changes in traveled lengths, it is interesting to note that the propagation velocity from the AOS to the DA is almost the same as that from the ventricle to the AOS (ϳ15 mm/s). Note however, that PWV can only be estimated, as in our measurements we did not accurately control distances but rather used morphological landmarks for the measurements. Measured PWV in the normal HH18 chicken embryonic DA has been previously found to be ϳ500 mm/s (38) , which is ϳ30 times faster than the velocity we estimated for the wave to travel from the AOS to DA. The slower estimated velocity of pressure wave propagation is likely due to a slower propagation velocity in the aortic arches. Because of the complex geometry of the aortic arches, no studies have directly addressed pressure wave propagation inside them. A more detailed investigation of the effects of aortic arches on pulse wave propagation, however, is outside the scope of the present report.
Blood flows through the OFT by a combination of wave propagation and active wall contraction. Active pushing of blood through the OFT is suggested by synchronized analysis of OFT wall motion (from OCT images) and blood pressures (ventricle and AOS). Our results revealed that peak ventricular systolic pressure occurs immediately before maximum OFTinlet wall contraction (see Fig. 10A ). Similarly, peak AOS pressure occurs just before maximum OFT-outlet wall contraction (Fig. 10A) . While surprising at first, these data are in agreement with our previous results (22, 23) . We previously modeled blood flow through the OFT using wall motions and blood pressure data as boundary conditions and compared the predicted blood flow velocities with velocities measured using ultrasound and OCT. In those studies, PTT V-AOS was unknown, and the timing between OFT wall motion and blood pressure was also uncertain, so that comparison with measured velocities was used to determine PTT V-AOS and to synchronize wall motion and blood pressure (⌽ MI and ⌽ V ). We found that to reproduce measured blood flow velocities, PTT V-AOS had to be ϳ10% of the cardiac cycle (our present results show a PTT V-AOS of ϳ12%), and ⌽ between maximal inlet OFT wall expansion and peak systolic ventricular pressure was ϳ20% of the cardiac cycle (our present results also show ⌽ of ϳ20%), with maximal wall expansion occurring before ventricular peak pressure (as in our present results; see Fig. 10A ). Simultaneous ECG-pressure and ECG-OCT data were not available at the time we performed these previous studies; thus, those results were reached independently. Furthermore, pressure peak and wall motion relationships in the OFT were consistent with previous pressure-volume measurements in the chicken embryo heart (19) , and PTT V-AOS was consistent with the reported depolarization speed (conductance speed) in the OFT wall (22) . The data thus far indicate that pressure wave propagation in the OFT is the result of blood flow interacting with an actively contracting myocardium wall; otherwise (i.e., passive wall), maximum pressure would be coincident with maximum OFT wall expansion. Active contraction of the OFT myocardium may aid in the increase of systolic blood pressure.
Our observations show that the chick ventricle contracts and expands almost synchronously, whereas wall motion in the OFT is more peristaltic-like. This observation is in agreement with other studies (1, 27, 30) , which explained the difference between ventricle and OFT contraction as the result of higher conduction speeds in the ventricle aided by trabecular structures and the onset of development of the cardiac conduction system. Our synchronized OFT wall motion-pressure data show that as myocardial cells start passive relaxation after peak wall contraction, high blood pressure could facilitate OFT wall expansion.
Pulse Wave Propagation in Banded HH18 Chick Embryos
After 2 h of OFT banding, several hemodynamic changes occur that affect pulse wave propagation in the chick embryonic cardiovascular system (see Table 1 ), and these changes strongly depend on band tightness. Banding increases ventricular, AOS, and DA blood pressures in OTB embryos (both diastolic and peak systolic; see Fig. 5 ) and also increases ⌽ V (see Fig. 6 ). However, banding decreases PTT in the OFT, as evidenced by both PTT V-AOS and PTT MI-MO (see Figs. 6 and 11 ). These immediate hemodynamic alterations (within a few minutes to a few hours) are of particular importance, as they provide the initial mechanical stimuli for cardiac cells to adjust to the new hemodynamic environment.
The increase in embryonic blood pressure is a consequence of cardiac afterload introduced by the band. The dependence of ventricular blood pressure on band tightness was expected: the tighter the band, the larger the resistance to blood flow through the OFT, and thus the larger the increase in ventricular pressure. Since both ventricular diastolic and systolic pressures increased after banding, it is reasonable to expect an increase in blood pressure in the rest of the chick circulation as a result of traveling pressure waves (39, 40) . Within 2 h of banding, the increase in blood pressure is not significant until band tightness reaches ϳ30% (see Fig. 5 ). Beyond 30% tightness, however, blood pressure depends nonlinearly on band tightness.
The increased in ⌽ V could be due to a combination of wave reflection and cardiomyocyte contraction events. The band restricts motion of the OFT wall, creating a region of high impedance and a wave reflection site. It is possible that when the pressure wave originating in the ventricle reaches the band site, wave reflection (back to the ventricle) causes a time delay in the ventricular pressure peak. As band tightness increases, the reflected portion of the coming pressure wave should also increase, possibly explaining the increase in ⌽ V and its dependence on band tightness. Moreover, cardiomyocytes generally exhibit an inverse relationship between generated force and contraction velocity. Thus, it is also possible that the afterload introduced by banding increases the time for full myocardial force generation after depolarization, increasing ⌽ V , as also suggested in Ref. 20 . A combination of pulse reflection and a slower cardiomyocyte force generation could therefore contribute to the larger ⌽ V observed after banding.
The faster wave propagation in the OFT of banded embryos is consistent with an "artificial" stiffening of the OFT wall due to the presence of the band, a surgical suture that restricts wall motion. As the wall becomes stiffer, the speed of pressure wave propagation should increase, with a larger increase corresponding to tighter banding, which correspond to a stiffer, less-compliant wall. OTB thus affects not only blood pressure but also pressure wave propagation and, therefore, the peristaltic-like patterns of OFT wall motion.
While pressure wave propagation was faster in the OFT of OTB embryos, propagation from the AOS to DA was slightly slower. The increase in PTT AOS-DA could be attributed to an increase in DA diameter after banding (see Fig. 12 ). From OCT measurements of DA dimensions, DA luminal radius was 240 Ϯ 13 m before OTB and dilated to 264 Ϯ 17 m (n ϭ 8) 2 h after OTB (P Ͻ 0.01). This increase in diameter is likely caused by either a mechanical change (blood pressure increase that expands the DA walls) or a biochemical change (release of nitric oxide, which dilates the DA walls) or a combination of these. The observed blood pressure increase in the DA after banding could explain, at least partially, the increase in DA diameter. In CON and NL embryos, DA wall radius changes by Fig. 12 . DA diameter increase after 2 h of banding versus band tightness. Fig. 11 . NPs in the OFT versus band tightness obtained from OCT images. Data were acquired from 8 OTB embryos with band tightness between 35% and 50% and 2 OTB embryos with band tightness between 10% and 30%. Data from 0% band tightness corresponds to CON embryos (n ϭ 8), shown as the average NP Ϯ SD. ϳ20 m after cyclic pressure variations (⌬P ϳ 0.8 mmHg). Note, however, that DA wall excursions are very difficult to quantify using OCT due to contrast, and thus the oscillation data are approximate. After OTB, when diastolic pressure increases by ϳ0.25 mmHg, the DA radius increases by ϳ20 m, more than expected due to pressure increase alone. While a more careful study is needed to determine the causes of DA increase in diameter after OTB, our data thus far suggest that an increase in pressure alone does not explain the increase in DA diameter after OTB. Nitric oxide release (potentially from the banded region of the OFT, which is subjected to larger shear stresses after OTB) in combination with the blood pressure increase could explain the relatively large increase in DA diameter observed after 2 h of OTB.
Surprisingly, whereas PTT V-AOS and PTT AOS-DA changed after OTB, PTT V-DA remained approximately the same (within measurement accuracy) as that in CON embryos. While banding increased PTT AOS-DA along the OFT, it also decreased PTT V-AOS (see Figs. 8A and 9), which in magnitude just compensates the increased PTT AOS-DA caused by OTB (Fig.  8C) . Moreover, banding does not significantly change the relationship between OFT wall motion and blood pressure oscillations (see Fig. 10 ). Peak blood pressure occurs in both cases around the time that the myocardium wall is most contracted. These results suggest that after OTB, mechanical and biochemical adaptations ensure the preservation of cardiac function.
Conclusions
We have successfully acquired simultaneous ECG-pressure as well as simultaneous ECG-OCT data in stage HH18 chicken embryos and used these data to synchronize cardiovascular events. Blood pressure and pressure wave propagation were significantly affected by banding and strongly depended on band tightness. Furthermore, the increased time elapsed between cardiac depolarization and peak ventricular systolic pressure with increased band tightness suggests that cardiomyocyte force generation is slowed by banding and points to a possible reflection of pressure waves at the band site. Our results further show that banding affects the entire embryonic circulation, and thus growth and remodeling in response to altered hemodynamics, which have been shown to lead to cardiac malformations, are likely not confined to the heart. OFT growth and remodeling in response to banding are likely not only the result of pressure changes and increased shear stress but also of altered pressure wave propagation that affects strains and strain gradient distributions.
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